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The Einstein Equivalence Principle plays a central role in understanding gravity and spacetime. In
its weak form, weak equivalence principle (WEP), it implies the universality of free fall. Beyond the
Newton frame, we investigate the changes of clock rates in the presence of WEP violation described
by Eo¨tvo¨s parameter δ. Then, we propose a novel test of WEP using frequency measurements from
the comparisons of high-precision clocks. In the proposed test, the frequency comparisons of clocks
comoving with the freely falling frame contain the gravity in gravitational redshift and dynamical
acceleration in the second-order Doppler effect, which makes such a test possible. In contrast to
traditional tests, measuring the difference on Eo¨tvo¨s parameter between two materials of different
compositions, our proposal allows for measuring the Eo¨tvo¨s parameter for single “test” body. This
is a new window on testing WEP. By searching for a daily variation of frequency difference between
strontium optical clocks linked by optical links, about Earth for instance, we obtain the upper limit
of Eo¨tvo¨s parameter as such δE = (0.3± 0.9) × 10
−4.
Einstein Equivalence Principle (EEP), one of the two
fundamental assumptions of General Relativity (GR),
states that no local measurement carried out in the ref-
erence frame moving freely in a gravitational field can
reveal the existence of external gravity, within the con-
fines of the frame [1]. Most attempts at quantum gravity
and unification theories predict a violation of EEP [2–
5]. For the experimental tests, EEP generally encapsu-
lates three main principles, Weak Equivalence Principle
(WEP), Local Lorentz Invariance (LLI) and Local Posi-
tion Invariance (LPI) [6]. Through the frequency mea-
surements using the comparison of optical clocks, many
studies have given strong constraints on LLI [7–9] and
LPI [10–12]. For a complete test of EEP, a WEP test of
clock comparison experiments is required.
Einstein interpreted WEP as an equivalence between
gravitation and inertia. Conventionally, the classical test
of WEP is the comparison of the acceleration for two
“test” bodies of different composition in an external grav-
itational field. In the terms of Eo¨tvo¨s parameter, the best
laboratory tests are δBe-Ti = (0.3± 1.8)× 10
−13 [13] and
δBe-Al = (−0.7±1.3)×10
−13 [14] by using torsion balance;
MICROSCOPE mission reported the first result of space
test δTi-Pt = [−1±9(stat)±9(syst)]×10
−15[15], and lunar
laser ranging set the upper limit δE-M = (−3±5)×10
−14
for Earth and Moon [16]. In addition, a microscope-
particle test has been demonstrated in atom interferom-
eter δ85Rb−87Rb = (2.8± 3.0)× 10
−8 [17]. All these tests
are based on comparing the acceleration difference be-
tween two “test” bodies. It is interesting to explore dif-
ferent approaches to test WEP. Optical lattice clocks are
the most precise measurement devices with the accuracy
and stability of a few 10−18 [18–20]. Their unprecedented
performances make them to be widely used to search for
new tests of fundamental physics [21–23].
In this letter, we propose a novel test of WEP using
a network of distant optical lattice clocks. In relativistic
gravitation frame, we demonstrate that frequency com-
parisons on clock experiment could test WEP by mea-
suring the Eo¨tvo¨s parameter of single “test” body that
is beyond Newton frame. The unparalleled performances
of optical clock and optical fiber links make such a test
possible for the first time. Since WEP is the topic of
present study, and since LLI and LPI have been tested
with high precision [7–12, 24–27], the remainder of this
paper assumes that both LLI and LPI are valid.
The simplest way to quantity the violations of WEP is
to suppose that for a body with inertial mass mI, several
types of mass-energy contribute to gravitational massmG
differently than they do to mI, such as electromagnetic
energy [28], weak-interaction energy [29, 30], spin-gravity
coupling [31], and so on. One could then write the vio-
lation of WEP
mG = mI + δmI, (1)
where δ is Eo¨tvo¨s parameter that measures the strength
of the violation of WEP induced by above mentioned
energy. More specifically, when considering the inter-
nal energy EA generated by interaction A, the parame-
ter δ is given by
∑
A
ηAEA
mIc2
, where ηA characterizes the
difference in internal energy contribution EA to gravi-
tational and inertial masses, and c is the speed of light.
Since the introduction of mass-energy relationship, WEP
in EEP covers Galileo’s version. In the gravitational
field of g , the acceleration of a “test” body is given by
a = mGg/mI = (1 + δ)g . Since the scaling of gravi-
tational constant (GM)meas = (1 + δ)GM in dynamics,
it is not likely to test WEP by measuring acceleration
of one “test” body. Thus, Eo¨tvo¨s experiments set an
upper limit on the difference in δ for different materials
2TABLE I: Variously experimental tests of WEP. The sub-
scripts “a” and “b” represent different materials in experi-
ments.
Experimental Comparison Restricted Measuremnent
tests of quantities parameter quantities
Torsion balance aa − ab δa-b Torque
LLR aE − aM δE-M Distance
AI aa − ab δa-b Phase
Our test aE − gE δE Frequency
(Table.I). In relativistic gravitation, WEP violation will
change the clock’s rates. The frequency comparison on
clock experiments could provide a new method to vali-
date WEP (Table.I).
The possible violation effects of WEP is searched in
the clock comparison experiments. In the solar system,
the observables and experiments have reached the un-
precedented level on testing GR [6]. This means that
the formulae in GR are very applicable for calculating
physical effects. Therefore, the perturbation method is
an effective approach to calculate WEP’s violation ef-
fects. We consider a scenario that clocks OA and OB,
with their proper frequencies fA and fB respectively,
are compared by optical links or light signal. At time
tA, the clock OA sends a light signal to clock OB, and
the received time of this signal on clock OB is tB. The
frequency shift between two clocks is given by fA/fB
= (dτB/dtB)(dτA/dtA)
−1(dtB/dtA), where τA and τB are
the proper times of clocks OA and OB, respectively. This
equation is much useful on calculating frequency shift of
clock comparisons by optical fibre links. By introducing
clock’s coordinate velocity v = dx/dt in the global coor-
dinate reference system (its coordinate is set as (ct, x )),
the proper time τ of a clock evolves as
dτ
dt
= 1−
(
w(x )
c2
+
v2
2c2
)
+O(c−4), (2)
where w(x ) is the gravitational potential produced by all
the objects in system under consideration, and v = |v |.
In the bracket, the first term is the gravitational redshift
dependent on gravitational filed, and the second term
represents the second-order Doppler effect (time dilation)
caused by the relative motion of clocks. In relativistic
gravity, these two terms represent different measurements
in physics, and gravitational redshift can be isolated from
the time dilation.
When clocks are comoving with a freely-fall body O (it
could be Earth or satillite), it is reasonable to separate
the effect into clock-dependent and clock-independent
parts. Then, we introduce the local coordinate sys-
tem (cT,X) with its origin at mass center of body O.
The clock’s position and velocity vectors are written as
x = xO + X and v = vO + X˙, respectively, where xO
and vO are the global position and velocity of body O,
and X and X˙ are the clock’s position and velocity in lo-
cal system, respectively. This allows the Doppler term in
Eq.(2) to be expressed as
v2 = v2O + 2
d
dt
(vO ·X)− 2aO ·X+ X˙
2
, (3)
where aO is the global acceleration of body O, which
comes from O’s dynamics. Noted that the dynamical ac-
celeration aO of body O is distinguishable from the gravi-
tational filed gO if WEP is violated. Although parameter
(1+ δO) could be absorbed by a scaled gravitational con-
stant (GM)meas in orbital dynamics, the frequency com-
parisons could reveal its effects in clock experiments. To
demonstrate that, the potential terms in Eq.(2) should be
performed with the same processing. w(x ) is rewritten
as UO(x )+Uext(x ), where UO is O’s Newtonian gravita-
tional potential and Uext is the external Newtonian grav-
itational potential. The external term in gravitational
redshift is
Uext(x ) = Uext(xO) + gO ·X+ utid(x ), (4)
where gO = ∇Uext(xO), and last term is tidal poten-
tial. Noted that GM in the gravitational redshift differs
from the scaled gravitational constant (GM)meas; gO in
Eq.(4) characterizes the gravitational field on position
xO, which is independent of the dynamical acceleration
aO. Then, the proper time dτ of this clock becomes
dτ
dt
= 1−
1
c2
(
Uext(xO) +
v2
O
2
+ UO(x ) +
X˙
2
2
+ utid(x )
+
d
dt
(vO ·X) + (gO − aO) ·X
)
+O(c−4). (5)
The first two terms are clock-independent that have no
measurable effects on the local-system clock compar-
isons. The next two terms represent gravitational red-
shift caused by the body O’s potential and second-order
Doppler effect arising from relative velocity to body O.
The fifth term is the influence of tidal potentials. The
sixth term comes from the relativistic simultaneity be-
tween the global and local coordinate reference systems,
which follows from the Lorentz transformation when the
term of order c−4 is ignored [32, 33]. The last term em-
bodies WEP violating effect in fractional frequency shift
of clock comparisons. The gravity and dynamics effects
on clock measurements realize the test of WEP. In the
presence of WEP violation, δO-dependence effect is visi-
ble in frequency comparisons even though it is hidden by
a redefined gravitational constant in dynamical measure-
ments. In essence, it is to test WEP by comparing grav-
itational redshift and second-order Doppler effects in a
clock experiment, where the former contains the gravita-
tional acceleration and the latter includes the dynamical
acceleration. When δO = 0, the gravitational term gO ·X
and acceleration term aO ·X cancel out, which recovers
the WEP result of general relativity. The proposed test is
3also a manifestation that the external gravity is displayed
in clock comparisons, which violates EEP.
We consider the scenario that, in the solar system,
two identical clocks OA and OB are compared on the
Earth (Fig.1). This means that global coordinate refer-
ence system is the barycentric coordinate reference sys-
tem (BCRS) of the solar system, local coordinate ref-
erence system is geocentric coordinate reference system
(GCRS), and the freely falling body O is the Earth. The
angle is about 23◦26′ between ecliptic and equatorial
planes. The Earth rotation is described by ω⊕. From
calculations in Eq.(5), the fractional frequency shift be-
tween clocks OA and OB is
(
fA
fB
)
fr
= 1 +
1
c2
(
UE(xA)− UE(xB) +
X˙
2
A
2
−
X˙
2
B
2
+utid(xA)− utid(xB)−
d
dt
(XAB · vE)
+(aE − gE) ·XAB
)
+O(c−4). (6)
where XAB = XB −XA, UE is the Earth’s gravitational
potential, utid is tidal potential produced by all bodies
in solar system (expect for Earth), XA(XB) is the geo-
centric position vector of clock OA(OB) on the Earth,
vE is the barycentric velocity of the Earth, aE and gE
are the dynamical and gravitational accelerations at po-
sitions xE, respectively.
Focusing on WEP violation term, the fractional fre-
quency shift could be rewritten as
(
δf
f0
)
δ
=
δE
c2
gE · (XB −XA). (7)
gE changes with the position of Earth mass center in
the solar system. Its value is about 0.006 m/s2 that
reaches biggest at perigee. The dependence of gE in this
effect implies that the outcome of clock comparisons has
a time-dependent period related to sidereal year. This
equation can be used to limit WEP violation parame-
ter from clock comparisons on the Earth. There are two
periodic variations in this effect. The Earth orbit pro-
vides annual variation, and corresponding frequency off-
set is introduced into clock comparisons. The rotation
of Earth introduces another diurnal frequency offset into
clocks comparison (Fig.1.a), which provide a dominat-
ing extracted frequency for WEP tests. Generally, the
violating effect is more significant in a stronger gravita-
tional field, and the magnitude of effect is proportional
to distance of two clocks. Highly accurate clock network
provides a promising frame to perform tests of WEP by
searching for frequency modulation between clocks with
sidereal-day or -year periods.
In following section, we want to use the comparison
of optical lattice clocks located in different lacations to
constrain the WEP violating parameter δE. Our WEP
test uses four Sr optical lattice clocks, in which one clock
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FIG. 1: The schematic diagram of WEP test by clock com-
parisons on the Earth. Two Rb optical clocks are performed
a comparison with spatial separations in GCRS centred on
the Earth, as it freely falls with acceleration aE in the solar
system’s gravitational field g
E
. a. The blue solid line: the
fractional frequency shift in the presence of WEP violation is
modulated by the Earth rotation frequency ω⊕. The dashed
line: zero fractional frequency shift if WEP is valid.
is at the national metrology institutes PTB in Braun-
schweig, Germany [34], one clock is at NPL in Tedding-
ton, United Kingdom [35], and other two clocks are at
LNE-SYRTE in Paris, France [36, 37]. All four clocks
we choose are strontium optical lattice clocks in order
to avoid some possibly confusing effects caused by dif-
ferent types of clock. Phase compensated optical fiber
links realized high-precision clock comparison of thou-
sands of kilometers. By searching for diurnal variation of
frequency difference between Sr clocks in different loca-
tions by such links, we can obtain a constraint for param-
eter δE. There are two optical fiber links connecting these
strontium clocks, one is linking clocks between PTB and
SYRTE, and another is between NPL and SYRTE.
From the optical clocks comparisons, we look for a
periodic variation corresponding to diurnal frequency
changes. Here, we don’t use annual frequency difference
for our discussion because it requires long time data of
remote clock comparison. The data of short-term com-
parison is more advisable. To develop Eq.(7), the two-
way frequency transfer are considered for clocks A and B.
We further consider that clock A emits a light signal with
proper frequency fA. This signal is received by clock B
with proper frequency fB and finally is received again by
clock A with proper frequency f ′A after a retransmission
on clock B. Then, the “Doppler cancellation scheme” is
determined by
δf
f
=
fB − fA
fA
−
f ′A − fA
2fA
=
(
δf
f
)
rr
+
(
δf
f
)
δ
. (8)
On the right of first equal mark, the first term contains
the first-order Doppler shift and redshift, while the sec-
ond term only contains the first-order Doppler shift. Two
terms not only realize the Doppler cancellation, but also
reduce or cancel some sources of error. Without suppress-
4TABLE II: The constraints of the parameter δE with Sr
clock comparisons. I and II use clock comparison subsets:
I: SYRTE’s Sr2 clock and NPL’s Sr clock; II: SYRTE’s SrB
clock and NPL’s Sr clock. III uses the PTB-SYRTE clock
comparison.
Terms Value of A Initial time t0 (MJD) δE (10
−4)
I 1.63× 10−14 57549.13 3.7± 8.3
II 1.63× 10−14 57549.13 −5.8± 7.6
III 4.02× 10−14 57177.42 −0.3± 0.9
ing the searching signals, the measurement uncertain is
somewhat improved. Behind the second equal mark, we
split the effect into two parts where the first part is the
redshift after Doppler cancellation scheme, and second
part is the WEP violating term that is target signal for
limiting parameter δE.
We analyse the optical clock comparisons, between
NPL and SYRTE and between PTB and SYRTE as de-
scribed in Ref.[8], to search for the violation of WEP.
From Eq.(7), WEP violation is a similar function to the
sinusoid with the frequency 1/day. We do not focus on
the average value of frequency offset but the diurnal vari-
ation in frequency difference. To look for signal, we use
the model to fit the data
y(t) = yrr(t) +AδE sin[ω⊕(t− t0)], (9)
where yrr(t) allows for a fractional frequency offset that
is dependent on the chosen data, yδ(t) is the fitting func-
tion used to fit Eq.(7), ω⊕ is the frequency of 1/day,
t0 is the initial time related to experimental date, and
A is a calculated position parameter depending on loca-
tions of two clocks on the Earth and Earth’s position in
the Solar System. Considering the clock comparisons be-
tween NPL and SYRTE, the experiment was performed
from June 10 to 15 2016 with data length 60 h. The
initial time t0 for NPL-SYRTE is 57549.13 (MJD). The
coordinates of SYRTE are given by 48◦50′11′′N (North
latitude) and 2◦20′12′′E (East longitude), and for posi-
tion of NPL it is 51◦25′35′′N and 0◦20′37′′W (West lon-
gitude). Taking clock’s positions and experimental time
into account, the value of parameter A for PTB-SYRTE
is 1.63 × 10−14. There are two data subsets on NPL-
SYRTE: I: the comparison between SYRTE’s Sr2 clock
and NPL’s Sr clock; II: the comparison between SYRTE’s
SrB clock and NPL’s Sr clock. The daily frequency differ-
ences between Sr clocks we considered for constraints on
Eo¨tvo¨s parameter were obtained in Ref.[8] where an affine
invariant Markov Chain Monte Carlo ensemble sampler
fitting method was used. The results of the parameter
δE are (3.7 ± 8.3) × 10
−4 and (−5.8 ± 7.6) × 10−4 for I
and II, respectively (Table.II).
The PTB-SYRTE clock comparison data is 150h in
the June 4 to 24, 2015, involving PTB’s Sr clock
and SYRTE’s Sr2 clock. The coordinates of PTB are
52◦17′43′′N and 10◦27′49′′E. As the model in Eq.(9),
the EEP violating effect is a sinusoid signal with a pe-
riod of one sidereal day, the position parameter A of
PTB-SYRTE link is 4.02 × 10−14, the initial time t0 is
given by 57177.42 (MJD). Note that A for PTB-SYRTE
clock comparison is more than twice the value of A
for NPL-SYRTE clock comparison. This means that
PTB-SYRTE experiment is more sensitive to the vio-
lation of WEP. Similar to the method in NPL-SYRTE,
the PTB-SYRTE clock comparison gave the result δE =
(0.3 ± 0.9) × 10−4 (Table.II). Finally, noted that with
our test of WEP and previous clocks results of LPI and
LLI, all three subprinciples of EEP have been tested by
frequency comparisons on the clock experiments.
In conclusion, we demonstrate that local frequency
measurements of distant clock comparisons could enable
the test of WEP. The comparison between the gravity-
dependence and acceleration-dependence effects of clocks
comoving with the freely falling body could measure
Eo¨tvo¨s parameter, not the difference on Eo¨tvo¨s parame-
ter between two materials of different compositions. By
using the clock comparisons between Sr optical lattice
clocks at NPL, PTB and SYRTE, linked by an optical
fiber network, we obtain a constraint on the Eo¨tvo¨s pa-
rameter about Earth δE = (0.3± 0.9)× 10
−4. Moreover,
the proposed test opens a new window for tests of WEP
by using atomic or optical clock comparisons. As clocks
are improving continuously and with the help of an opti-
cal fiber network, more clock comparisons could be per-
formed to improve WEP tests by orders of magnitude.
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